Specificity of sensory neurons requires restricted expression of one sensory receptor gene and the exclusion of all others within a given cell. In the Drosophila retina, functional identity of photoreceptors depends on light-sensitive Rhodopsins (Rhs). The much simpler larval eye (Bolwig organ) is composed of about 12 photoreceptors, eight of which are green-sensitive (Rh6) and four bluesensitive (Rh5)
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Specificity of sensory neurons requires restricted expression of one sensory receptor gene and the exclusion of all others within a given cell. In the Drosophila retina, functional identity of photoreceptors depends on light-sensitive Rhodopsins (Rhs). The much simpler larval eye (Bolwig organ) is composed of about 12 photoreceptors, eight of which are green-sensitive (Rh6) and four bluesensitive (Rh5) 1 . The larval eye becomes the adult extraretinal 'eyelet' composed of four green-sensitive (Rh6) photoreceptors 2, 3 . Here we show that, during metamorphosis, all Rh6 photoreceptors die, whereas the Rh5 photoreceptors switch fate by turning off Rh5 and then turning on Rh6 expression. This switch occurs without apparent changes in the programme of transcription factors that specify larval photoreceptor subtypes. We also show that the transcription factor Senseless (Sens) mediates the very different cellular behaviours of Rh5 and Rh6 photoreceptors. Sens is restricted to Rh5 photoreceptors and must be excluded from Rh6 photoreceptors to allow them to die at metamorphosis. Finally, we show that Ecdysone receptor (EcR) functions autonomously both for the death of larval Rh6 photoreceptors and for the sensory switch of Rh5 photoreceptors to express Rh6. This fate switch of functioning, terminally differentiated neurons provides a novel, unexpected example of hard-wired sensory plasticity.
The adult Drosophila eyelet comprises approximately four photoreceptors located between the retina and the optic ganglia 2 . It directly contacts the pacemaker neurons of the adult fly, the lateral neurons 4 . In conjunction with the compound eye and the clock-neuron intrinsic blue-sensitive receptor cryptochrome 3 it helps shift the phase of the molecular clock in response to light. All eyelet photoreceptors express green-sensitive Rh6, and are derived from photoreceptors of the larval eye 2,5,6 that mediate light avoidance and entrainment of the molecular clock by innervating the larval lateral neurons [7] [8] [9] . Larval photoreceptors develop in a two-step process during embryogenesis 1,10 . Primary precursors are specified first and develop as the four Rh5-subtype photoreceptors. They signal through Epidermal growth factor receptor (EGFR) to the surrounding tissue to develop as secondary precursors, which develop into the eight Rh6-subtype photoreceptors 1 . Two transcription factors specify larval photoreceptor subtypes 1 . Spalt (Sal) is exclusively expressed in Rh5 photoreceptors, where it is required for Rh5 expression. Sevenup (Svp) is restricted to Rh6 photoreceptors, where it represses sal and promotes Rh6 expression. A third transcription factor, Orthodenticle (Otd), expressed in all larval photoreceptors, acts only in the Rh5 subtype to promote Rh5 expression and to repress Rh6 (refs 1, 11) .
To address the relation between the larval Rh5 and Rh6 photoreceptors and the adult eyelet, we tracked them through metamorphosis ( Fig. 1c-e) . To permanently label them, we used UAS-Histone2B::YFP, which is stably incorporated in the chromatin, and thus remains detectable in post-mitotic neurons throughout pupation 12 . Surprisingly, all Rh6 photoreceptors degenerate and disappear during early phases of metamorphosis (Fig. 1d) . In contrast, Rh5 photoreceptors can be followed throughout pupation (Fig. 1g-i) . Expression of Rh5 ceases during early stages of pupation and, at midpupation, neither Rh5 nor Rh6 can be detected (Fig. 1h) . About four cells are still present, however, and can be identified by rh5-Gal4/ UAS-H2B::YFP (Fig. 1h) or GMR-Gal4/UAS-H2B::YFP (data not shown). Eyelet photoreceptors only express Rh6, even though H2B::YFP driven by rh5-Gal4 is detectable in those cells (Fig. 1i) . Therefore, the four larval Rh5 photoreceptors must switch rhodopsin expression at metamorphosis to give rise to the four eyelet Rh6 photoreceptors (Fig. 1j) . The remaining eight Rh6 photoreceptors die (Fig. 1f) , their axon becoming fragmented before disappearing (Fig. 1m, n) . A 'memory experiment' (rh5-Gal4/UAS-Flp;Act-FRT . STOP . FRT-nlacZ) also showed that eyelet Rh6 photoreceptors did express Rh5 earlier (Fig. 1k, l) .
We further verified the death of Rh6 photoreceptors and transformation of Rh5 photoreceptors by three independent sets of experiments.
First, we ablated Rh5 photoreceptors by expressing pro-apoptotic genes rpr and hid (rh5-Gal4/UAS-rpr,UAS-hid). This results in the absence of larval Rh5 photoreceptors and the complete absence of the eyelet (Fig. 2g, h ) 4 . Conversely, preventing cell death of the Rh6 subtype by expressing the apoptosis inhibitor p35 (rh6-Gal4/UASp35) leads to an eyelet that consists of 12 photoreceptors, all expressing Rh6 (Fig. 2i) .
Second, we blocked development of larval Rh6 photoreceptors by expressing a dominant negative form of EGFR (so-Gal4/UAS-H2B::YFP; UAS-EGFR DN ) (Fig. 2a) 1 . The eyelet of these animals is not affected and three or four cells express Rh6 normally (Fig. 2d) . This shows that larval Rh6 photoreceptors do not contribute to the eyelet.
Third, we analysed the expression of Sal (Rh5-subtype specific) and Svp (Rh6-subtype specific) in the adult eyelet: eyelet photoreceptors still express Sal, but not Svp even though these photoreceptors now express Rh6 (Fig. 2b, c , e, f). Rh5 requires Sal expression in the Bolwig organ, but Otd function is also necessary to activate Rh5 and to repress Rh6. In otd mutants, larval Rh5 photoreceptors marked by Sal express Rh6 and lack Rh5 expression, thus mimicking the switch at metamorphosis 1 . Thus, Rh6 could be expressed in Rh5 photoreceptors if otd function were lost in the eyelet. However, Otd expression does not change during the transition from the Bolwig organ to eyelet (data not shown) although it might be inactive in the eyelet.
What is the trigger that controls the switch from rh5 to rh6? Ecdysone controls many developmental processes during metamorphosis. EcR is expressed during the third larval instar and pupation in all larval photoreceptors and surrounding tissues (Fig. 3a, b , d, e) 13 . To evaluate EcR activity, we used a reporter line in which lacZ is under the control of multimerized ecdysone response elements (73EcRE-lacZ) 14 . The expression of lacZ is absent until late third instar and prepupation, whereas thereafter all larval photoreceptors (and surrounding tissue) express 73EcRE-lacZ (Fig. 3c, f) . EcR expression decreases during late pupation and is no longer detectable by the time Rh6 expression starts in the eyelet (Supplementary Figure  2a, 
b).
To test the role of ecdysone, we expressed a dominant negative form of EcR specifically in larval Rh5 photoreceptors, while permanently labelling these cells (rh5-Gal4/UAS-H2B::YFP;UAS-EcR DN ). This causes no disruption of larval photoreceptor fate, but the eyelet of these animals now consists of four photoreceptors that all express Rh5 instead of Rh6 (Fig. 4B, G) . A comparable phenotype is observed after expression of an RNA interference (RNAi) construct for EcR (rh5-Gal4/UAS-H2B::YFP;UAS-EcR RNAi ) (Fig. 4C, G) . Therefore, loss of EcR function prevents larval photoreceptors from switching to Rh6 expression. In both cases, larval Rh6 photoreceptors still degenerate and are not observed in the eyelet (Fig. 4G) .
We also expressed the dominant negative form of EcR in Rh6 photoreceptors (rh6-Gal4/UAS-H2B::YFP; UAS-EcR DN ). In this case, the Bolwig organ is not affected but the resulting adult eyelet consists of about 12 photoreceptors, all expressing Rh6 (Fig. 4D, H) . This presumably results from Rh6 photoreceptors not undergoing apoptosis whereas larval Rh5 photoreceptors still switch expression to Rh6 in the eyelet (Fig. 4H) . Expression of UAS-EcR-RNAi in Rh6 photoreceptors (rh6-Gal4/UAS-H2B::YFP;UAS-EcR RNAi ) leads to the same results (Fig. 4E, H) .
Although EcR could directly control the switch of rhodopsin expression through binding to the promoters of rh5 and rh6, these promoters contain no potential EcR binding sites 15 . Moreover, as no EcR expression is detectable when Rh6 starts to be expressed, this would make it unlikely for EcR to control directly the switch to Rh6 ( Supplementary Fig. 2a, b) . Finally, only allowing expression of the dominant negative form of EcR starting at mid-pupation (GMRGal4/Tub-Gal80 ts ,UAS-EcR DN ), after rh5 is switched off, does not prevent activation of Rh6 in the eyelet ( Supplementary Fig. 2c, d ). Thus EcR most likely acts in an indirect manner in regulating rhodopsins, likely through the activation of transcription factors that bind to rh5 and rh6 promoters.
The differential response to ecdysone of Rh6 photoreceptors (which die) and of Rh5 photoreceptors (which switch to Rh6) must be due to intrinsic differences between the two subtypes before EcR signalling. Likely candidates are Sal and Svp. However, late misexpression of Svp in Rh5 photoreceptors (rh5-Gal4/UAS-H2B::YFP;UAS-svp) or of Sal in Rh6 photoreceptors (rh6-Gal4/ UAS-H2B::YFP;UAS-sal) neither affects rhodopsin expression or cell number in the eyelet nor alter the expression of rhodopsins in the Bolwig organ (which is only affected by very early expression of these transcription factors, through so-Gal4 (ref. 1)). Thus neither Sal nor Svp are sufficient to alter the response of larval photoreceptors to EcR. An additional factor, independent from svp and sal, must therefore allow survival of Rh5 photoreceptors, or promote Rh6 photoreceptor death. We found that the transcription factor Sens is specifically expressed in larval Rh5 photoreceptors and remains expressed in all cells in the eyelet (Fig. 2j, k) where it might act to promote cell survival. To test this, we misexpressed sens in Rh6 photoreceptors (rh6-Gal4/UAS-H2B::YFP;UAS-sens). This results in an eyelet that consists of 12 photoreceptors, all expressing Rh6 (Fig. 2l) . Thus, expression of Sens in Rh6 photoreceptors is sufficient to rescue them from death, without affecting Sal and Svp expression and subtype specification of larval photoreceptors (data not shown).
Ecdysone hormonal signalling thus acts in two independent ways during the formation of the adult eyelet. First, it induces the degeneration of the Rh6 subtype, thereby assuring the correct number of eyelet photoreceptors. This apoptotic death requires the absence of Sens, whose expression is restricted to Rh5 photoreceptors that survive. Second, ecdysone signalling is also required to trigger the switch of spectral sensitivity of blue-sensitive (Rh5) larval photoreceptors to green-sensitive (Rh6) eyelet photoreceptors (Fig. 4I) .
Thus terminally differentiated sensory neurons switch specificity by turning off one Rhodopsin and replacing it with another. Although examples of such switches in sensory specificity of terminally differentiated, functional, sensory receptors are extremely rare, this strategy might be more common than currently anticipated. In the Pacific pink salmon and rainbow trout, newly hatched fish express an ultraviolet opsin that changes to a blue opsin as the fish ages [16] [17] [18] . As in flies, this switch might reflect an adaptation of vision to the changing lifestyle. The maturing salmon, born in shallow water, later migrates deeper in the ocean where ultraviolet does not penetrate. The rhodopsin switch in the eyelet may similarly be an adaptation to the deeper location of the eyelet within the head, as light with longer wavelengths (detected by Rh6) penetrates deeper into tissue than light with shorter wavelengths (detected by Rh5).
The eyelet functions with retinal photoreceptors and Cryptochrome to entrain the molecular clock in response to light. The larval eye, on the other hand, functions in two distinct processes: for the entrainment of the clock and for the larva to avoid light 7 . Interestingly, the Rh5 subtype appears to support both functions whereas Rh6 photoreceptors only contribute to clock entrainment (S.G.S., J. Blau and C.D., unpublished observations). Thus, the photoreceptor subtype that supports both functions of the larval eye is the one that is maintained into the adult and becomes the eyelet. Why are Rh6-sensitive photoreceptors not maintained? As these photoreceptors are recruited to the larval eye secondarily, the ancestral Bolwig organ might have had only Rh5 photoreceptors and had to undergo a switch in specificity. Larval Rh5 photoreceptors appear to maintain their overall connectivity to the central pacemaker neurons. However, they are also profoundly restructured and exhibit widely increased connectivity during metamorphosis. This might be due to the increase in number of their target neurons, and the switch of Rh might be part of more extensive plasticity during formation of the eyelet, including increased connectivity and possibly the innervation of novel target neurons. ): only the Rh5 subtype is present in larvae (blue) 1 , whereas (d) the eyelet remains unaffected (anti-Rh6, green; anti-Rh5, blue; anti-YFP, red). b, In the larva, Svp (svp . H2B::YFP, red) is expressed in Rh6 (green) but not Rh5 photoreceptors (blue), whereas (e) the eyelet does not express Svp (anti-Rh6, green). c, In the larva, Sal (sal . H2B::YFP, red) is expressed in Rh5 photoreceptors (blue) but not in Rh6 photoreceptors (green) (f). Sal (red) is expressed in the eyelet (anti-Rh6, green). g, h, rh5-Gal4,UAS-hid,rpr ablates Rh5 photoreceptors (g, arrow) and eyelet (h, arrow) (anti-Rh5, blue; anti Rh6, green; anti Elav, red). i, rh6-Gal4/UAS-p35 prevents apoptosis of Rh6 photoreceptors (anti-Rh6, green; anti-YFP, red). j, k, Sens (red) is detected in the larval Rh5 subtype (rh5 . H2B::YFP, blue; anti-Chp, green) and the eyelet (rh6 . H2B::YFP; anti-YFP, blue; anti-Rh6, green). l, Misexpression of UAS-sens in Rh6 photoreceptors (rh6 . H2B::YFP . sens) prevents their apoptosis (antiRh6, green; anti-YFP, red; anti-Rh5, blue). The same phenotype is obtained with GMR-Gal4;UAS-sens (data not shown).
The general model that sensory neurons only express a single sensory receptor gene does not hold true for salmon and the fruitfly 19 . Interestingly, reports from several other species, including amphibians, rodents and humans, show co-expression of opsins 17, 18, [20] [21] [22] . In humans, for instance, it has been proposed that cones first express S opsin and later switch to L/M opsin. However, this likely reflects a developmental process rather than a functional adaptation 22 . We identified two major players in the genetic programme for the transformation of the larval eye to the eyelet. First, EcR acts as a trigger for both rhodopsin switch and apoptosis. Surprisingly, the upstream regulators specifying larval photoreceptor-subtype identity, Sal, Svp and Otd, do not contribute to the genetic programme of sensory plasticity of the rhodopsin switch. Therefore a novel genetic programme is required for regulating rhodopsin expression in the eyelet, which likely depends on downstream effectors of EcR.
Second, larval Rh5 and Rh6 photoreceptors respond differently to ecdysone, either switching rhodopsin expression or undergoing apoptosis. This appears to depend on Sens, which is likely to be required for the survival of Rh5 photoreceptors. The role of Sens in inhibiting apoptosis is not unique to this situation: Sens is essential to promote survival of salivary-gland precursors during embryogenesis 23 . The vertebrate homologue of sens, Gfi-1, acts to inhibit apoptosis of T-cell precursors in haematopoiesis and cochlear hair cells of the inner ear 24, 25 . Thus the anti-apoptotic function of Sens/Gfi-1 may be a general property of this molecule.
Ecdysone acts in remodelling neurons during metamorphosis 19,20,22, . In c-neurons of the mushroom body, a structure involved in learning and memory, ecdysone is required for the pruning of larval processes 26 . Similarly, dendrites of C4da sensory neurons undergo large-scale remodelling that depends on ecdysone signalling 27 . Interestingly, in the moth Manduca, 'lateral neurosecretory cells' express cardio-acceleratory peptide 2, which is switched off in response to ecdysone before expression of the neuropeptide bursicon is initiated in the adult 28 . The transformation of larval blue-sensitive photoreceptors to green-sensitive photoreceptors of the eyelet reveals an unexpected example of sensory plasticity by switching rhodopsin gene expression in functional, terminally differentiated sensory neurons.
METHODS SUMMARY
Drosophila strains and genetics. The following fly strains were used: yw
122
; soGal4, rh5-Gal4, rh6-Gal4, rh5-GFP, rh6-GFP, rh5-lacZ otd uvi , otd-Gal4 (T. Cook, personal communication), UAS-sens 29 
